Abstract: Carbon monoxide (CO) poisoning is one of the leading causes of toxicity-related mortality and morbidity worldwide, primarily manifested by acute and delayed central nervous system (CNS) injuries and other organ damages. However, its definite pathogenesis is poorly understood. The aim of this study was to explore the pathogenesis of the ultrastructural and functional impairment of mitochondria and the protection of sulphoraphane (SFP) at different dosages on hippocampus neurons in rats after exposure to CO. We found that CO poisoning could induce advanced cognitive dysfunction, while the mitochondrial ultrastructure of neurons in rats of the CO poisoning group was seriously damaged and mitochondrial membrane potential (DΨm) was accordingly reduced by transmission electron microscopy (TEM) and JC-1 fluorescent probe assay. CO poisoning could also increase the expressions of both nuclear factor erythroid 2-related factor 2 (Nrf-2) and thioredoxin-1 (Trx-1) proteins and their mRNA in brain tissue with immunohistochemistry and quantitative PCR (qPCR) techniques. Early administration of either middle-dose or high-dose SFP could efficiently improve mitochondrial structure and function and enhance the antioxidative stress ability, thus exerting a positive effect against brain damage induced by acute CO poisoning.
Carbon monoxide (CO) poisoning is one of the most frequent intoxications in the world, which causes many serious complications, especially acute and delayed brain damage; yet its definite pathogenesis is still not entirely clear. In recent years, many studies mainly concentrated on the anoxic and metabolic pathophysiology about CO poisoning, and this point of view incompletely explains some of the outcome and needs to be extensively investigated. Currently, it is widely accepted that oxidative stress is a major contributor to the pathogenesis of both neurological diseases [1, 2] and metabolic disorders. Mitochondria are the main organelle of oxidative phosphorylation responsible for cellular adenosine diphosphate (ADP) being phosphorylated to adenosine triphosphate (ATP) and the principal sources of reactive oxygen species (ROS). Oxidative stress can result in abnormal changes in mitochondrial structure and function due to the damage of mitochondrial components. In our previous study [3, 4] , we reported that CO poisoning could activate heme oxygenase-1 (HO-1) and nuclear factor erythroid 2-related factor 2 (Nrf-2) proteins in brain tissue in rat models, and thus speculated that oxidative stress response may be associated with brain damage induced by CO exposure. Nrf-2 is the main molecule in Kelch-like ECH-associated protein 1 (Keap1)-Nrf-2/antioxidant response elements' (AREs) signal systems. Nrf-2 can up-regulate its downstream gene expressions encoding phase II detoxification enzymes, antioxidant proteins and anti-inflammatory proteins such as HO-1, thioredoxin-1 (Trx-1) and NAD(P)H: quinone oxidoreductase 1 (NQO1), by binding to AREs in their promoter regions [5] . The increased activity of these downstream genes exerts antioxidant, anti-inflammatory, antitoxicity and cytoprotective effects in the nervous system [6, 7] . Nrf-2(À/À) mice exhibited more vulnerability to oxidative and inflammatory stress and exacerbated degeneration of nigral dopaminergic neurons and increased dystrophic dendrites under Parkinson's disease pathogenesis [8] . Sulphoraphane (SFP), an isothiocyanate found in cruciferous vegetables, can effectively activate Nrf-2 signalling pathway [9] and has neuroprotective properties in many other experimental paradigms [10, 11] . However, its effect on CO poisoning-induced brain damage remains unclear. In the present study, we aimed to explore the protective effect of SFP at different dosages on the ultrastructure and function of mitochondria in hippocampus neurons in rats after exposure to CO, thus paving a new treatment strategy for acute CO poisoning.
environment. All animal experiments in this study were performed in accordance with the Protection of Vertebrate Animals Used for Experimental and other Scientific Purposes of China and the Guiding Principles in the Use of Animals in Toxicology. In the current study, the experimental animals were divided into the following groups: a vehicle control group (VC group, n = 30), a CO poisoning group (CO group, n = 30) and a sulphoraphane treatment group (SFP group, n = 90). Rats in both the CO group and the SFP group were first exposed to CO in a hyperbaric oxygen chamber to establish a CO poisoning model as described previously [3] . The core body temperature of all rats was kept at 36-37°C using a homeothermic monitor during the whole experiment, and the concentration of carboxyhemoglobin (HbCO) was detected by a Blood Gas Analyzer (RapidLab, Bayer HealthCare, Leverkusen, Germany). Rats with coma and high HbCO concentration (>40%) were regarded as the successful model of acute severe CO poisoning. Animals in the SFP group were then divided into three subgroups according to the treatment dosage of SFP: a low-dose subgroup (10 mg/kg, n = 30), a middle-dose subgroup (20 mg/kg, n = 30) and a high-dose subgroup (40 mg/kg, n = 30). Four unsuccessful rat models were excluded from the final statistical analysis because of either failure to recover consciousness from coma (three rats) or a low concentration of HbCO (less than 40%, one rat) after CO exposure.
Treatment strategy. Sulphoraphane was purchased from Abcam company (NO: ab141969, purity>98%, Cambridge, UK) and was dissolved in normal saline (20 mg/ml) in advance. After successful establishment of CO poisoning model, rats in both the CO group and SFP group received hyperbaric oxygen therapy daily. Animals in the SFP group were administered SFP intraperitoneally at different dosages once a day additionally from day 1 to day 7 after exposure to CO till execution, while those in the VC group and CO group received the same amount of vehicle (saline solution).
Neurobehavioural test. To confirm the toxicity of CO on hippocampus, the open-field test was performed in all the experimental rats in this study. The open-field test is often used to determine the differences of activity and emotional state in animals under special environmental conditions. The entire apparatus (100 cm 9 100 cm9 30 cm) was made of black Plexiglas and divided into 25 squares equally in a room with a dim light. The arena was illuminated by two 60-W red lamps. In general, the total travel number of rats is on behalf of activity, while the rearing times reflect the curiosity degree to a new environment. Rats do not like light and deliberately escape from the open position under normal circumstances. Therefore, the central crossing frequency is reduced, and rats appear anxious to some extent. When subjected to stress conditions, rats usually show decreased activity and depressive mood, and the total travelling number and rearing times in open-field test are shortened accordingly. After familiarization sessions with the environment, the rats of all groups were placed in the centre of the open field. Movements were quantified using a digital camera for 3 min. at 1, 3 and 7 days after CO exposure, and the total travelling number, the central crossing frequency and the rearing times were calculated by an automatic video tracking system and AVTAS 3.0 software (Anilab, Ningbo, China). After each trial, the apparatus was cleaned thoroughly using 10% ethanol.
Transmission electron microscopic analysis. The mitochondrial ultrastructure was carried out by transmission electron microscopy (TEM) in hippocampus neurons in the rats using a previously described method [3] . Briefly, five rats in each group were anaesthetized intraperitoneally by phenobarbital at 1, 3 and 7 days after respective intervention treatments. Using a rat brain stereotaxic apparatus (Reward 8001, Reward Life Science, Shenzhen, Guangdong, China), the left side of hippocampus was taken out quickly on ice and longitudinally separated into a small piece containing CA1 and CA3 with a double-sided blade, fixed immediately in glutaraldehyde solution and pruned into three tissue blocks about 1 mm9 1 mm9 1 mm. Then, they were post-fixed in 2.5% glutaraldehyde in phosphate buffer solution (PBS) at 4°C overnight and 1% osmium tetroxide for 1 hr, followed by dehydration in a series of graded acetone (50%, 70%, 90%, 95% and 100%, respectively) and finally embedded in epoxy resin Epon812. Hippocampus was cut into ultrathin sections of approximately 60 nm with a Leica ultramicrotome (EM UC6; Leica Microsystems, Wetzlar, Germany) and were collected on formvar-coated, stained with uranyl acetate and lead citrate in single-slot grids. Ten non-overlapping views in CA1 and CA3 were selected randomly in each tissue block and examined by TEM (JEM-1200EX, JEOL Ltd., Tokyo, Japan), respectively.
Mitochondrial membrane potential (DΨm) assessment. JC-1 molecular probe and mitochondrial membrane potential (DΨm) test kits were used to determine the mitochondrial function of nerve cells (granted from Beijing Solarbio Sciences & Technology Co., Ltd, Beijing, China). All operation procedures were performed strictly in accordance with the manufacturer's instructions. Briefly, five rats in each group were decapitated after intraperitoneal anaesthesia by phenobarbital at the given time-points mentioned above. The right side of hippocampus was separated carefully under sterile condition, cut into 350-lm-thick slices and then planted in the plug-in dishes with appropriate culture medium for the following experiment. A total of 30 brain slices in each group at the different time-points were collected and cut into small pieces on a 120-mesh stainless steel net, and filtrated and adjusted in cell number to 1 9 10 6 cells/ml. Further, the cell samples were diluted 5 times with JC-1 working dye. In the healthy cells, JC-1 accumulated and formed polymerin in mitochondrial matrix and showed red fluorescence with higher DΨm, while it appeared monomer and produced green light at lower DΨm during early apoptosis cells [12] . In the present study, the changes in DΨm were estimated using a CFlow FPlus soft analysis system of flow cytometry. Some samples were treated with PBS instead of fluorescent dye as the negative control to standardize the DΨm values, and the whole experiment was performed in double-blind manner to avoid bias. Each experiment was repeated 10 times, and the relative values of DΨm of samples were averaged and expressed as the mean fluorescence intensity (MFI).
Immunohistochemical assay. Immunohistochemical staining was used to observe the expressions of Nrf-2 and thioredoxin-1 (Trx-1) proteins. After relevant treatments, five animals in each group were deeply anaesthetized by phenobarbital at the given time and perfused with 0.9% sodium chloride and 4% formaldehyde solution of 200 ml from the heart into aorta after CO poisoning, respectively. Then, the whole brain tissues were extracted from the skull, post-fixed by 4% formaldehyde for 2 hr and embedded in paraffin. Sequential paraffin slices of 6 lm thickness at an interval of 100 lm were made for immunohistochemical assay. Nrf-2 and Trx-1 monoclonal antibodies were obtained from Santa Cruz Company (CA, USA). All procedures were performed following the guidance of the manufacturer. Briefly, after being dewaxed and rehydrated, the slides were rinsed with 3% hydrogen peroxide for 5 min. to block endogenous peroxidase and then incubated with the primary antibodies (anti-Nrf-2, dilution 1:100; anti-Trx-1, dilution 1:150) overnight at 4°C, followed by the second antibodies for 2 hr at 25°C. Finally, the slides were dehydrated and mounted with Canada balsam. Under a 400-fold light microscope, four non-overlapping views were selected at random in the left hippocampus from four serial slices in each rat. Meanwhile, some slides treated with 0.01 M PBS instead of primary antibody were regarded as negative control. Image acquisition was performed using a Leica Qwin image processing and analysis system. The relative expression level of target proteins was standardized and expressed as the average optical density (OD).
Quantitative real-time PCR determination. In this study, quantitative PCR (qPCR) was performed to observe the expressions of antioxidant genes of Nrf-2/ARE signalling pathway (Nrf-2, NQO-1 and Trx-1 mRNAs). After intraperitoneal anaesthesia by phenobarbital, five rats in each group were decapitated and the left side of hippocampus was separated carefully under sterile condition at the given time-points for qPCR. Total RNA was isolated from hippocampus with 1 ml TRIzol reagent according to the manufacturer's protocol (Invitrogen Life Technologies, Grand Island, NY, USA) and then treated with DNase I to remove any contaminating genomic DNA. Single-stranded cDNA synthesis was performed with 2 lg of total RNA using an EasyScript Plus TM cDNA Synthesis kit (Lambda Biotech, Ballwin, MO, USA). In the meantime, b-actin gene, a housekeeping gene, was chosen as the internal control in each sample. Nrf-2, NQO-1 and Trx-1 genes were selected for analysis based on previous observation that their expression levels change in response to CO poisoning. The sequence information of target genes in the NCBI database was used to design the primers, and the sequences details of primers were listed in table 1.
All primers were validated against a standard complementary DNA biobank to ensure adequate amplification and single product. PCR parameters were as follows: amplification at 95°C for 5 min., and 45 cycles of denaturation at 95°C for 15 sec., annealing at 59°C for 30 sec. and extension at 72°C for 30 sec. using a Bio-Rad CFX384 real-time system (Bio-Rad, Hercules, CA, USA). Each sample was analysed in triplicate, and the relative expressions of target mRNA were calibrated to endogenous b-actin mRNA expression, and the average of three experimental results was used to account for loading differences.
Data analysis. Results were graphed and analysed by SPSS 19.0 statistical software system (SPSS, Chicago, IL, USA). All data were expressed as mean AE standard error (mean AE S.E.M). Group comparisons were determined by one-way analysis of variance (ANOVA) and the least significant difference (LSD). The relationship between Nrf-2 and its downstream gene was determined via linear regression analysis. p-values less than 0.05 were considered statistically different.
Results

Neurobehavioural scores.
The rats in the VC group did not like light and deliberately escaped from the open position. Some of them appeared anxious to some extent. The activity level of the rats in the CO group was significantly decreased, and the total travel number and the rearing times were notably reduced. There was a significant difference as compared with the VC group (p < 0.05). After SFP treatment, the total travel number in both middleand high-dose groups was increased and the rearing times was higher than those of the CO group (p < 0.05). However, there was no statistical difference between the low-dose group and the CO group for either total travel number or rearing times (p > 0.05). Furthermore, the average value of central crossing frequency in the CO group was lower than that of the VC and SFP groups, and no significant differences were found among these three groups (p > 0.05, table 2).
Ultrastructural change of hippocampal neurons.
In the VC group, nuclei of hippocampal neurons were large and round, with uniformly distributed chromatin inside. Mitochondria were abundant and dispersed in cytoplasm. Mitochondria cristae were arranged neatly, and normal endoplasmic reticulum, ribosomes and other organelles could be observed clearly ( fig. 1A,B) . Regarding rats in the CO group, we noted that hippocampal neurons at day 3 after CO poisoning were degenerated with irregular nuclei and blurred nuclear membrane; apoptotic neurons were also detected in some areas. Chromatin was condensed and gathered near the nuclear membrane. In addition, a number of swollen mitochondria were scattered in the cytoplasm, and some vacuoles were also observed. Meanwhile, we found that the mitochondrial structure was damaged, part of the mitochondrial cristae was broken and had disappeared and matrix was lightly stained. The endoplasmic reticulum was distributed disorderly and free ribosomes were obviously reduced in the hippocampal neurons ( fig. 1C,D) . By contrast, the structure of hippocampal neurons in the SFP treatment group was improved to some extent. Double nuclear membrane was clearly visible, the inner and outer membranes of mitochondria were relatively intact, although mitochondrial cristae were somewhat vague, and a few vacuoles were observed in hippocampal neuron ( fig. 1E,F) , suggesting that early administration of sulphoraphane can improve ultrastructural damage of nerve cells induced by CO poisoning.
Alteration of DΨm in neurons in each group.
Mitochondrial depolarization was performed with JC-1 probe. DΨm levels are often on behalf of the function status of mitochondrial. In this study, we observed that MFI values were maintained at a high level in brain tissue of the VC group, suggesting that the mitochondria function of nerve cells was intact. Moreover, we found that the MFI value at day 1 decreased rapidly, and remained at a very low level at day 7 in the CO group compared with that in the VC group fig. 2 ). The MFI values in the SFP-treated rats were also reduced after CO exposure, but their levels were significantly higher than those of the CO group at the same time-point (p < 0.05), especially those in the middle-dose and high-dose groups from day 3 to day 7. The data indicate that administration of SFP could improve mitochondrial function of nerve cells.
Expression levels of Nrf-2 and its downstream gene and protein in the different groups.
The results of immunohistochemistry staining showed that only a small number of Nrf-2-and Trx-1-positive cells were scattered in hippocampus in the VC group. These positive cells were of irregular shape, varied from the number and length of dendrites. Some positive cells had long axon extending to distant areas of the brain. After exposure to CO, the number of Nrf-2-and Trx-1-positive cells was increased in the rats of the CO group. There was a statistical difference between the VC group and the CO group (p < 0.05, figs 3 and 4). Meanwhile, the expressions of Nrf-2 and Trx-1 proteins in the SFP group were obviously higher than those of the CO group, and there was a significant difference as compared with the CO group. Moreover, the aggregation of some positive cells was also visible in the middle-and high-dose groups. Nevertheless, the increased degree of Nrf-2 protein was far less than that of Trx-1 protein. The result of qPCR assay was similar to that of immunohistochemistry staining.
With the duration of CO exposure, the increased mRNA levels of Nrf-2, Trx-1 and NQO-1 genes were detected in the CO group from day 1 to day 7, and the grey value was also enhanced at the same time-points in contrast to that of the VC group (p < 0.05, fig. 5 ). After administration of SFP, the mRNA expression levels of the three genes were dramatically increased, especially for Trx-1 mRNA in the middle-and high-dose groups, and there was a statistical difference between the SFP group and CO group at the same time-point (p < 0.05). By linear regression analysis, we found that the level of Nrf-2 mRNA was positively correlated with that of Trx-1 mRNA (r = 0.9364, fig. 6 ) and with that of NQO-1 mRNA (r = 0.8482, fig. 7 ). Based on these findings, we inferred that SFP could activate Nrf-2 and then launch the cascade of Nrf-2 downstream genes, thus enhancing the resistance to oxidative stress induced by CO poisoning.
Discussion
It is well known that exposure to carbon monoxide can lead to diffuse hypoxic ischaemic encephalopathy as well as focal brain injury in the early stage, and delayed encephalopathy may seriously affect the quality of life of patients in the late stage due to high mortality and morbidity. Neuronal apoptosis is considered one of the most important mechanisms for both acute brain damage and delayed encephalopathy after CO poisoning and has become a hot topic for researchers. There are three known major signalling pathways that regulate cell apoptosis: (1) mitochondrial pathway, (2) death receptor pathway and (3) endoplasmic reticulum pathway, among which mitochondrial pathway is the most common of apoptosis signalling pathways that is closely related to the endoplasmic reticulum system. Mitochondria are the most important semi-autonomous organelles in eukaryotic cells and are involved in electron transfer of respiratory chain and the synthesis of energy metabolism enzyme, as well as neurogenesis and plasticity. Normal mitochondrial function depends largely on ultrastructural integrity, while its dysfunction will inevitably cause energy supply barriers and even lead to apoptosis. Mitochondrial membrane potential is necessary to maintain the normal function and the material balance inside and outside of mitochondria [13, 14] . The decreased mitochondrial transmembrane potential is an early landmark event of apoptosis, which can cause a series of biochemical changes in mitochondrial membrane, finally leading to cascade reactions of apoptosis. Therefore, the decreased mitochondrial membrane potential is considered an early event in apoptosis [15] . Some experimental results also showed that the treatment reversing the apoptotic cascade, especially the restoration of the damaged mitochondrial function in brain tissue, could improve hypoxic ischaemic brain damage [16] . Our results showed abnormal behavioural change, impaired mitochondrial ultrastructure and decreased DΨm of neuron in COpoisoned rats. Thus, we draw the conclusion that CO poisoning could damage ultrastructure and function of mitochondria within nerve cells and eventually lead to neurobehavioural changes in the rats. Administration of sulphoraphane can notably alleviate the ultrastructural impairment and DΨm abnormity of mitochondria and thus improve cognitive function of rats after exposure to CO. These findings suggest that SFP might be a promising therapeutic agent for cognitive dysfunction and mitochondria impairment after CO poisoning.
Oxidative stress is caused by imbalance between ROS production and elimination. There are many enzymes in ROS to induce apoptosis [17] . Thus, mitochondria play an important role in the balance of oxidative stress and antioxidant defence.
Cytoplasmic inhibitory protein Keap1-Nrf-2/ARE pathway is important in cellular defence and is sensitive towards oxidative stress associated with increased production of ROS [18, 19] . Nrf-2 is a crucial transcription factor in Keap1-Nrf-2/ ARE signalling pathway. Under unstressed conditions, Keap1 constitutively suppresses Nrf-2 activity. After exposure to oxidative or electrophilic stress that inactivates Keap1, Nrf-2 escapes from cytoplasmic Keap1-mediated degradation and translocates into nucleus, which eventually leads to overexpression of various cellular antioxidant enzymes and phase II drug-metabolizing/detoxification enzymes downstream through the binding and transcriptional activation of AREs in the promoters of their genes. Thus, Nrf-2 increases the production of proteins involved in reduction of inflammatory responses, oxidative stress and accumulation of toxic metabolites.
Both Trx-1 and NQO-1 genes are closely related to the functional state of Nrf-2. Trx-1 is an endogenous antioxidant protein, and plasma Trx-1 is known as a reliable marker for oxidative stress. Recent studies showed that Trx-1 exerts antioxidative, anti-apoptotic and anti-inflammatory properties in cerebral ischaemic injury [20, 21] . NQO1 can catalyse reductive reaction of toxic compounds such as quinone in the central nervous system, and the elevated levels of NQO1 could inhibit apoptosis, protecting neurons against oxidative/nitrative damage and many endogenous toxins [22, 23] . Our result showed that the mRNA and protein levels of Nrf-2, Trx-1 and NQO-1 were increased slightly after exposure to CO, suggesting that CO poisoning could start endogenous Keap1-Nrf-2/ARE signalling pathway to maintain relative stability of internal environment.
Sulphoraphane is generated from glucoraphanin and has exhibited neuroprotective effect and antioxidant defence in many experiments. The study by Rajesh V was undertaken to examine the effect of SFP on cognitive impairment in zebra fish model using a novel method of fear conditioning, and it was observed that exposure to 25 lmol/L SFP prior to scopolamine could significantly maintain the memory of learned task, suggesting that SFP might be a novel agent for cognitive enhancement in Alzheimer's disease [24] . The data of LuisGarc ıa demonstrated that SFP effectively disrupted the mitochondrial dysfunction by preventing the decrease in respiratory control ratio, transmembrane potential, ability to synthesize ATP and the activity of mitochondrial complexes I, II and IV [25] . As a promising molecule of Nrf-2 activator, SFP itself can directly interact Keap1 through covalent modification of cysteine residues thiol group, force Nrf-2 separating from Keap1 and then activate Keap1-Nrf-2/ ARE pathway. The study of Carrasco-Pozo demonstrated that daily injections of SFP for 5 days could increase the antioxidant defences within hippocampal formations and blood plasma and reduce the extent of hippocampal lipid peroxidation as well as protect hippocampal mitochondria against status epilepticus (SE)-induced reduction [26] . Our study showed that the administration of SFP could dramatically increase the mRNA and protein expressions of the three genes above, especially Trx-1 mRNA and NQO-1 mRNA in the middle-and high-dose groups. Based on these facts, we propose a hypothesis that SFP may activate Nrf-2 and amplify the effect of the cascade of Nrf-2 downstream genes, thus enhancing the resistance to oxidative stress induced by CO poisoning.
Conclusion
Carbon monoxide poisoning may lead to cognitive dysfunction, ultrastructural alteration and functional impairment of mitochondria in rats and initiate endogenous Keap1-Nrf-2/ ARE signal pathway, resulting in disrupted ultrastructure and DΨm of mitochondria. The administration of middle-dose SFP could notably improve the cognitive function, enhance the antioxidant defences and alleviate ultrastructural damage and DΨm barrier of mitochondria in CO-poisoned rats. Therefore, SFP treatment may be a promising strategy in clinics in resisting brain damage induced by CO poisoning.
